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ABSTRACT 
The research was to investigate the relationship between dielectric constant of fly ash 
and unburned carbon content in fly ash. Dielectric constant is a factor measures the ratio of 
the permittivity of dielectric material to the permittivity of free space (8.85 x 10·12 F/m). It 
describes the extent to which dielectric material interacts with electric flux. The dielectric 
constant of fly ash can be extracted from phase measurement with using a network analyzer 
and a fixture based on coaxial transmission line design. Unburned carbon in fly ash is a 
major index to determine the efficiency of coal combustion in a power plant. Loss-on-
ignition (LOI) technique and thermogravimetric analysis (TOA) are among techniques being 
used in the industrial to determine unburned carbon content in fly ash. Measuring dielectric 
constant of fly ash approach is promising as an alternative non-destructive way to determine 
the amount of unburned carbon in fly ash. The Clausius-Mossotti relation is used to 
determine fly ash properties with available of dielectric constant and therefore determine the 
unburned carbon content. Initial experiment shows the unburned carbon content estimated 
from dielectric constant measurement correlates closely to the unburned carbon content 
measured with the LOI technique. 
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1.0 INTRODUCTION 
Fly ash is a byproduct of coal combustion and it contains many different mineral 
matters such as carbon, iron oxide and sulfur. Unburned carbon in fly ash is a major index to 
determine the efficiency of coal combustion in a power plant. Fly ash with a high volume of 
unburned carbon not only indicates poor combustion efficiency, whi<;::h results in a high 
emission of pollutants and higher fuel requirement, it also prevent power plants from selling 
the coal fly ash to secondary markets for recycling. In order to ensure the combustion 
efficiency and maintain low unburned carbon content in fly ash, the power industry is 
constantly investigating the most effective way to monitor the unburned carbon in fly ash. 
A loss-on-ignition (LOI) test and thermogravimetric analysis (TGA) are among the 
techniques being used to determine unburned carbon content in fly ash. Currently, the LOI 
technique is the standard method used in the industry. This method, however, wrongly 
assumes that oxidation of unburned carbon in fly ash is the only source of weight loss when 
the sample is heated in a furnace for several hours at 725°. This false assumption deteriorates 
the accuracy of the LOI measurement result [l]. On the other hand, TGA can provide very 
accurate result for unburned carbon in fly ash. It is, however, a very expensive procedure [2]. 
The relative dielectric constant of a material is a factor that measures the ratio of the 
permittivity of dielectric material to the permittivity of free space (8.85 x 10-12 F/m). It 
describes the extent to which dielectric material interacts with electric flux [3]. The objective 
of this research is to determine the amount of unburned carbon in fly ash by measuring the 
dielectric constant of the fly ash. The dielectric constant of fly ash can be extracted from a 
phase delay measurement using a network analyzer and a fixture based on coaxial 
transmission line design. Measuring the dielectric constant of fly ash appears to be a 
promising alternative and non-destructive way to determine the amount of unburned carbon 
in fly ash. The Clausius-Mossotti relation is used to determine the fly ash's dielectric 
properties and therefore determine the unburned carbon content. Initial experiments show 
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that the unburned carbon content estimated from dielectric constant measurement correlates 
closely to the unburned carbon content measured with the LOI technique. 
1.1 The Clausius-Mossotti Relation 
The Clausius-Mossotti relation is an equation that describes the relationship of the 
electrical polarizabilities of the atoms and the dielectric constant [ 4]. The dielectric constant 
is a factor that measures the ratio of the permittivity of dielectric material to the permittivity 
of free space (8.85 x 10-12 F/m). It describes the extent to which dielectric material interacts 
with electric flux. This equation can be used to determine the electrical polarizabilities of the 
atoms in a material if the dielectric constant is known or vice versa. For the dielectric 
constant of a material placed in a static electric field, the equation can be written as: 
E -1 1 _r_=-Na 
Er +2 3£0 
(1) 
where E:r is the dielectric constant, t:o is the permittivity of free space (8.85 x 10-12 F/m), N is 
number of atoms per unit volume and a is the electrical polarizability of the atom. This 
equation is also known as the Clausius-Mossotti equation. 
The Clausius-Mossotti equation requires that the dielectric material's density is 
known. The number of atoms per unit volume for fly ash is undetermined and the electrical 
polarizability is also unknown. Fortunately, the Clausius-Mossotti equation also can be 
written as the sum of the total polarization of different materials containing N atoms. The 
equation is: 
(2) 
where i is the number of components contained in a dielectric material. 
Equation (2) can be used to determine the electrical polarizability and the number of 
atoms per unit volume of the unburned carbon and other materials in the fly ash. The only 
requirement is to know the dielectric constants of fly ash samples containing different 
percentages of unburned carbon content. The first order of estimation is used. Fly ash 
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samples are assumed to consist of only two components; unburned carbon and other elements. 
Therefore, equation (2) can be rewritten as: 
E -1 
3c0 _r_ =Na= (/JNccacc + (1- /J)N 0 eaoe) 
Er+ 2 
(3) 
where f3 is ratio of unburned carbon in a fly ash sample to the total atoms, Nee is number of 
atoms per unit volume of unburned carbon in the fly ash sample, ace is the electrical 
polarizability of the atom of unburned carbon in the fly ash sample, N0 e is number of atoms 
per unit volume of other elements in the fly ash sample, and a0 e is the electrical polarizability 
of the atom of other elements in the fly ash sample. Equation (3) can be expanded to a more 
complex form in which all the components in the fly ash have to be considered. In this study, 
however, only a first order approximation is used. Equation (3) can be manipulated and 
rewritten as: 
(4) 
This equation simply predicts the unburned carbon content of a fly ash sample if the 
dielectric constant of the fly ash sample is given. 
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2.0 MATERIALS AND METHODS 
In order to obtain the dielectric constant of fly ash, a series of measurements were 
conducted. The dielectric constant is obtained by measuring the phase delay of the 
transmission line due to the fly ash's dielectric properties. This measurement used a fixture 
that is based on coaxial transmission line design. A broadband microwave network analyzer 
is also used for this experiment. Fly ash samples were previously obtained from different 
boilers and characterized with the LOI method by Maohong Fan [2]. 
2.1 Fly Ash Samples Characteristics 
Fly ash sample for this research were collected from pulverized coal and stoker 
boilers [5]. The fly ashes' properties depend on many factors and can vary greatly. The 
following are general factors that can affect the formation of fly ash: 
1. The size of coal particles before combustion 
2. Fly ash collection methods 
3. The boiler conditions and efficiency 
4. Additives introduced for pollution control 
The particle size and chemical composition of fly ash also varies from one boiler to another. 
Waller [6] and Fan [2] give a detailed analysis of the samples used for this research. Moisture 
in fly ash can affect the accuracy of measurement greatly. Therefore, prior to any 
measurements, all fly ash samples were dried in an oven at 110° C for 10 hours and stored in 
desiccators. 
The unburned carbon in fly ash was measured using the LOI method. Appendix A 
contains the detailed information about the LOI measurement conducted by Fan [2]. The 
absolute accuracy of the LOI measurement is 0.1 %. Table 1 gives the unburned carbon 
content of fly ash samples used. 
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Table 1. Fly ash samples' unburned carbon content 
Fly Ash Sample Designation Unburned Carbon (Weight%) 
Waller#14 0.09 
Waller#lO 0.36 
Waller #11 1.87 
Waller#? 3.77 
Fly Ash #7 4.50 
21839AT 6.20 
22352AT 7.10 
22339AT 10.70 
22348AT 13.50 
Waller #29 21.00 
2.2 Dielectric Constant Measurement's Fixture Design 
IE-field H-field 
l 
I- I 
Figure 1. Coaxial Transmission Line Model 
I 
I 
I 
I 
I 
I 
' I 
~, , 
\ 
\ 
' ', 
-I 
The design of the dielectric constant measurement test fixture is based on a coaxial 
transmission line technique [7]. As shown in figure 1, a coaxial transmission line model has 
an inner conductor and an outer conductor. Material that fills the gap between the inner and 
outer conductors is the primary factor that affects the velocity of electromagnetic field 
propagation. Insulator or dielectric materials are usually used to fill in the gap in a coaxial 
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transmission line. The dielectric material affects the propagation of the electromagnetic field 
incident from an external source into a coaxial line. 
For a transmission line model, the phase velocity of electromagnetic waves 
propagation in vacuum is given as: 
1 
v = = c 
~LoCo 
where c is speed of light in vacuum, 3 x 108 mis. The phase velocity propagation for a 
uniformly filled non-magnetic dielectric transmission line is given as: 
1 c 
v= =--
F,~LoCo F, 
(5) 
(6) 
Assuming a non-magnetic material, equation (6) indicates that dielectric constant, Er. can be 
determined by measuring the phase velocity of an electromagnetic wave that propagates 
through the transmission line. Velocity is also defined as: 
l c 
v=-=--
t F, 
(7) 
where l is the distance of the transmission line and t is the time of the propagation. Time 
delay is also defined as the following: 
-e rp zxF, 
t=-=---
w 360xf c 
(8) 
where () is the phase angle in radians and w is angular frequency in rad/s, cp is phase angle in 
degrees and f is the frequency in Hz. The dielectric constant equation can be manipulated to 
be: 
£-(ex </J ]2 
' l 360x f 
(9) 
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Based on equation (9), dielectric constant is a function of phase delay, frequency, 
speed of light, and the length of the coaxial transmission line. Assuming that a non-magnetic 
material is in the line, in order to determine the characteristics of the fixture, one has to first 
determine the characteristic impedance of the transmission line which is defined as: 
The capacitance is given as: 
and inductance is given as: 
z = {L 
0 vc 
L = .!.E_ln(b) 
21l a 
(10) 
(11) 
(12) 
where l is the length of transmission line, b is the radius of outer conductor, a is the radius of 
inner conductor, Eis the product of the dielectric constant, Er, and permittivity of free space, 
Eo, that has the value 8.85 xl0-12 F/m, and µ is the permeability of free space and has the 
value of 47t x 10-7 Him. By substituting equation (11) and (12) into equation (10), the 
characteristic impedance becomes: 
Zo = 60.Q In(!!_) fi:a (13) 
Figure 2 shows the design of the fixture used for dielectric measurements. The fixture 
consists of three different components: inner conductor, outer conductor and SMA 
connectors. All the parts are made of brass except the SMA connectors. The inner 
conductor's diameter is 0.05", the outer conductor's diameter is 0.156", and the length of the 
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fixture is l". Based on the dimension designed, for an empty fixture, the dielectric constant, 
Er, is 1 and ZO is the 720.. A detailed drawing of the fixture is given in appendix B. There are 
SMA connectors connected at each end of the fixture to allow connection to a network 
analyzer. 
===~ 
===/ 
Inner Conductor 
.0.1ter Conductor 
.i:---
/ ---
''c=== 
Figure 2. Fixture design with SMA connectors 
2.3 Measurement of Fly Ash's Dielectric Constant 
Fly ash samples were dried before any measurements were made. This step is 
necessary to eliminate moisture within the fly ash that affects the measurement accuracy. In 
order to fill the fixture with a fly ash sample, one end of fixture is attached with a SMA 
connector and tightened with screws. The inner conductor is then inserted into the SMA 
connector. As shown in figure 3, the fly ash sample is slowly filled into the gap between the 
inner conductor and the outer conductor. To prevent a void formation inside the gap, the 
fixture was tapped periodically to allow the fly ash to settle. After the fixture is filled with a 
fly ash sample, another SMA connector is attached to the fixture and tightened with screws. 
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The fixture is then connected to a calibrated network analyzer via a pair of coaxial 
cables. Prior to measurement, the network analyzer must be properly calibrated. The network 
analyzer is set to perform a scattering parameter (s-parameter) measurement and connected to 
a computer via a HPIB connection. The network analyzer is swept from 3 MHz to 6 GHz 
with 801 of total data points. Data is collected through a data acquisition program. 
Figure 3. Filling the fly ash into fixture 
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3.0 RESULT AND DISCUSSION 
The dielectric constant measurement produced a very promising result, which clearly 
indicates the correlation between the dielectric constant of fly ash and unburned carbon 
content. The measurement data, however, has to be processed before it can be a useful and 
give an interpretable result. First, the scattering parameters (s-parameters) data collected 
from a network analyzer has to be matched with the resulting characteristic impedance of the 
fixture filled with fly ash sample using modeling software. Once the phase delay information 
is obtained, the dielectric constant can be calculated. Then, using the Clausius-Mossotti 
relation, a general formula can be formed to predict carbon content of a fly ash with a given 
dielectric constant. 
3.1 Phase Data Analysis 
As discussed in the previous chapter, s-parameters of fly ash can be extracted from 
the network analyzer measurements. The s-parameters data collected consists of magnitude 
and phase for the each input and output, namely: Sll, S21, S12, and S22. In two-port 
network theory, s 11 is the input reflection coefficient of a network with a son terminated 
output, S21 is the forward transmission coefficient with a son terminated output, S12 is the 
reverse transmission coefficient with a son terminated input, and S22 is the output reflection 
coefficient with a son terminated input. S-parameter data can reveal the behavior and 
characteristic of the material under test. The phase delay at the transmission line, given by 
the phase delay of S21, is the primarily interest of this research. Prior to extracting the phase 
delay information from the data, the fixture's data for each fly ash is matched to its own 
characteristic impedance with modeling software. The software automatically compensates 
the phase of the data with the impedance matched model. Table 2 gives the characteristic 
impedance of the transmission line when it is filled with a particular fly ash. 
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Table 2. Fly ash samples' characteristic impedance 
Carbon Content ( % ) zo (!l) 
0.09 53 
0.36 52.8 
1.87 52 
3.77 46.5 
4.5 41 
6.2 38 
7.1 37.3 
10.7 31.8 
13.5 34 
21 26.8 
Figure 4 illustrates the phase shift of each fly ash sample from 3 MHz to 6 GHz. In 
this study, the phase delay in degrees of each sample at 1 GHz is recorded for later 
calculation. 
200 
150 
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Figure 4. Fly ash sample Waller #14 Phase shift at lGHz 
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3.2 Dielectric Constants Calculation 
In the previous discussion, equation (9) is derived for calculating the dielectric 
constant. The following are the variables used in the equation: 
a) Frequency,f = 1 x 109 
b) Speed of light, c = 3 x 108 mis 
c) Length of the transmission line, l = 0.0254 m 
The phase delay, <p, measured at 1 GHz is substituted into the same equation. Table 3 gives 
the result of the calculation for dielectric constant for each fly ash sample. As show in figure 
14, the dielectric constants correlate with the corresponding LOI unburned carbon content 
linearly. The curve fitting of the data points produces an r-squared of 0.9272. This result can 
be improved if error bars for the dielectric constant were added to the plot. Unfortunately, the 
error bar for dielectric constant is not available due the complication of phase measurement 
process and limited amount of samples. 
Table 3. Dielectric constants of fly ash samples 
Unburned Carbon 
Content(%) Phase delay at 1 GHz (0 ) Dielectric Constant 
0.09 -42.4530 1.94 
0.36 -43.8022 2.06 
1.87 -44.8211 2.16 
3.77 -50.8163 2.77 
4.5 -56.5104 3.43 
6.2 -60.3633 3.91 
7.1 -60.0408 3.87 
10.7 -70.3854 5.32 
13.5 -64.8175 4.51 
21 -79.1357 6.73 
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3.3 Prediction of Unburned Carbon Content 
The Clausius-Mossotti relation was given in an earlier chapter. It can be used to 
determine the percentage of unburned carbon content in the fly ash sample. The equations 
discussed earlier are a function of volume. The LOI measurements are based on percentage 
in weight. Therefore, all the LOI data was converted to volume percentage. The simple 
equation used to convert weight percent to volume percent is as the following: 
pxw 
v = ...;..____ (14) 
Pcarbnn 
where v is volume percent of unburned carbon content, p is density of the fly ash that has a 
unit of kg/m3, w is the LOI weight percent of unburned carbon, and Pcarbon is density of the 
carbon that has a value of 2000 kg/m3. The result of the conversion is given in table 4 with 
the density of each fly ash sample and the conversion from weight percent to volume percent. 
Table 4. Fly ash samples' unburned carbon content in volume percent 
Unburned Carbon Unburned Carbon 
Sample (Wei2ht %) Density (k2'm3) (Volume%) 
Waller #14 0.09 1368.35 0.0616 
Waller#lO 0.36 1410.64 0.2539 
Waller #11 1.87 1305.49 1.2206 
Waller#? 3.77 1520.38 2.8659 
Flyash #7 4.50 1305.71 2.9378 
21839AT 6.20 1155.38 3.5817 
22352AT 7.10 1223.1 4.3420 
22339AT 10.70 1059.08 5.6661 
22348AT 13.50 952.49 6.4293 
Waller#29 21.00 924.55 9.7078 
Provided with volume percent of unburned carbon and dielectric constant of fly ash, 
one can calculate the Na for unburned carbon and for other elements with equation (3). With 
all the data available, table 5 is the result of calculations based on equation (3) for Na of a fly 
ash. 
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Table 5. Na for fly ash samples 
Dielectric 
Unburned Carbon Other elements 
Sample Constant 
(volume fraction), (volume fraction), Na 
p (1-p) 
Waller#l4 1.94 0.0006 0.9994 6.3 l 532E-12 
Waller #10 2.06 0.0025 0.9975 6.93826E-12 
Waller #11 2.16 0.0122 0.9878 7.39582E-12 
Waller#? 2.77 0.0287 0.9713 9.86719E-12 
Flyash #7 3.43 0.0294 0.9706 l.18841E-l l 
21839AT 3.91 0.0358 0.9642 l .30837E-l l 
22352AT 3.87 0.0434 0.9566 l .29880E-l l 
22339AT 5.32 0.0567 0.9433 l .56727E- l l 
22348AT 4.51 0.0643 0.9357 l.43221E-l l 
Waller#29 6.73 0.0971 0.9029 l.74245E-ll 
Before solving the linear equation for Nccacc and N0 eaoe. the linearity of Na has to be 
confirmed. Figure 15 shows two curve fitting plots: linear curve fitting and second order 
polynomial curve fitting. It is obvious that Na is fit better in polynomial fitting. However, it 
is possible to force the Na to be linear. By taking the difference between the first order curve 
fitting and second order curve fitting as the correction terms, Na can be corrected to be a 
linear function. Table 6 is the corrected Na that will be used to solve the linear function. 
Table 6. Corrected Na 
Sample Na ( Orignal) Na (Corrected) 
Waller#l4 6.31532E-12 7.06158E-12 
Waller#IO 6.93826E-12 7.25392E-12 
Waller #11 7.39582E-12 8.22063E-12 
Waller#? 9.86719E-12 9.86592E-12 
Flyash #7 l.18841E-ll 9.93785E-12 
21839AT l.30837E-ll l.05817E-ll 
22352AT l.29880E-ll l.1342E-ll 
22339AT l .56727E-l l l.26661E-ll 
22348AT l.43221E-ll l.34293E-ll 
Waller#29 l.74245E-ll l .67078E-l l 
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Two simple linear equations can be setup based on the corrected Na.. and the volume 
percent of carbon content in fly ash. Selecting the data from table 5 and 6: 
a) Na..1 =7.06158 x 10-12 
b) Na..2 =7.25392 x 10- 12 
c) /Jl = 0.0006 
d) /32 = 0.0025 
and substituting these variables into equation (3) to obtain: 
(15) 
and 
(0.0025Nccacc + (1- 0.0025)N0,a0 e) = 7.25392X10-ll (16) 
Solving equation (15) and (16), then 
Ntcacc = 1.07021 x 10-10 (17) 
and 
(18) 
From the previously derived equation (4), one can predict the unburned carbon content after 
knowing the variables in the equation: the value of dielectric constant, the value of Nrracc, 
and the value of N 0 ea0,. Table 7 shows the result of the predicted unburned carbon content 
by substituting all the known variables. These results show an r-squared of 0.9301 in figure 
16, which is an appreciable linearity. 
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Table 7. Prediction of unburned carbon 
Unburned Carbon 
Sample 
measured with the Predicted Differences 
LOI technique Unburned Carbon 
(Weight%) (Weight%) 
Waller #14 0.09 -1.00 -0.91 
Waller #10 0.36 -0.09 -0.45 
Waller #11 1.87 0.61 -1.26 
Waller #7 3.77 3.77 0 
Flyash #7 4.50 7.48 2.95 
21839AT 6.20 10.53 4.33 
22352AT 7.10 9.79 2.69 
22339AT 10.70 16.37 5.67 
22348AT 13.50 15.37 1.87 
Waller#29 21.00 22.55 1.55 
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3.4 The Effect of Magnetic Material 
In the previous discussion, the phase delay is only attributed to the dielectric constant, 
Er, of the material. The effect of the permeability of fly ash, µr, however, is important to be 
studied. Permeability is a constant of proportionality that exists between magnetic flux 
density, B, and magnetic field intensity, H. The absolute permeability is given as: 
B 
µ=-
H 
(19) 
where B is the magnetic flux density in the material and H is the magnetic field strength. The 
relative permeability,µ,., is the ratio of absolute permeability to the free space permeability, 
µ0_ The constant µo has a value of 4n x 10·7 Him. The equation is 
(20) 
To obtain the permeability of material, the equation (6) for velocity is changed to: 
c 
v = --.,..== 
~µrEr 
(21) 
and the characteristic impedance of the material is: 
(22) 
/\ 
where Z0 is the characteristic impedance of free space for the coaxial line fixture. As 
discussed before, this characteristic impedance has a value of 72!l By dividing equation (22) 
with equation (21), one can obtain the permeability of a material: 
Z0 Xe -:=:;.µ =--
r 72xv 
(23) 
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At the other hand, by multiplying equation (22) with equation (21), one can obtain the 
dielectric constant of the material. 
72xc 
~£ =--
r vxZ0 
(24) 
In order to verify the permeability of material is measurable with the same fixture and setting, 
a magnetic material such as iron oxide (Fe203) was studied. A fly ash sample is also mixed 
iron oxide to obtain different content level magnetic material. Table 8 gives the permeability 
and dielectric constant values of magnetic samples after calculation based on equation (23) 
and equation (24) 
Table 8. Relative permeability and dielectric constant of magnetic sample 
Sample Permeability, µr Dielectric constants, Er 
Fe203 1.31 3.14 
Flyash #7 with 10% of Fe203 1.11 3.80 
Flyash #7 with 20% of Fe203 1.12 3.83 
Table 8 clearly provides different values of the permeability of magnetic materials 
when the content of material changed. Therefore, it justifies studying the permeability of 
material using the same fixture and setting. Using the same technique, the permeability of fly 
ash sample was calculated. At the same time, the dielectric constant of fly ash samples was 
also calculated. Table 9 gives the calculated µr and the new Er of each fly ash sample. The 
new dielectric constants of fly ash samples in table 9 are different compared to table 3. This 
is the result after permeability of fly ash is taking into account in the phase delay 
measurement. This also indicates that magnetic material in fly ash can possibly affect the 
measurement and prediction of carbon content. 
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Table 9. Relative permeability of each fly ash sample 
Unburned 
Sample Carbon Permeability, Dielectric constants, 
(Weight%) pr Er 
Waller #14 0.09 1.02 1.89 
Waller#lO 0.36 1.05 1.96 
Waller #11 1.87 1.06 2.03 
Waller#? 3.77 1.08 2.58 
Flyash #7 4.50 1.05 3.25 
21839AT 6.20 1.04 3.75 
22352AT 7.10 1.02 3.80 
22339AT 10.70 1.02 5.22 
22348AT 13.50 1.00 4.50 
Waller#29 21.00 0.97 6.97 
3.4 The Effect of Sample Loading 
Since the data consistency can be greatly affected the sample loading process, the 
repeatability and effect of sample loading is studied. The dielectric constant measurement 
process was repeated ten times with a same fly ash sample by a same operator. While loading 
the fly ash sample, the fixture is consistently tapped to prevent void forming. The weight of 
the sample is also recorded each time. Table 9 shows the result of the repeatability test. The 
average of the dielectric constant is 4.26, the standard deviation is 0.15 and 95% confidence 
interval is 0.09. 
Table 10. Repeatability test on a same fly ash sample 
Trial# 
Sample Dielectric 
(2ram) Constant 
1 0.4034 4.00 
2 0.4011 4.05 
3 0.4030 4.30 
4 0.4051 4.27 
5 0.4015 4.16 
6 0.4078 4.47 
7 0.4037 4.32 
8 0.4043 4.34 
9 0.4044 4.31 
10 0.4049 4.37 
23 
Another test is conducted to show the importance of consistent sample loading 
process. A sample is loaded to a test fixture with three different ways: no tapping, normal 
tapping, and intense tapping. Table 11 shows the sample weight and the measured dielectric 
constant. This result clearly indicates that inconsistency in sample loading can affect the 
measurement result. 
Table 11. Repeatability test on a same fly ash sample with varying loading methods 
Trial# 
Sample Dielectric 
(gram) Constant 
1 0.2346 2.38 
2 0.3289 2.96 
3 0.3837 3.96 
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4.0 CONCLUSIONS 
The result of phase delay measurement clearly supported the hypothesized 
relationship between the dielectric constant and unburned carbon content in fly ash. The 
result of the measurement shows a linear relationship between the dielectric constant and the 
unburned carbon content measured with the LOI technique. The result of the measurement 
also can be used to estimate unburned carbon content of the fly ash with proper use of the 
Clausius-Mossotti relation and proper calibration. Using the same measurement technique, 
one also can determine the effect of magnetic material in fly ash. The study of magnetic 
material permeability provides more insight about the characteristic of fly ash. 
Prediction of unburned carbon content in fly ash using the Clausius-Mossotti relation 
also correlates closely to the unburned carbon content measured with the LOI technique. The 
data set, however, has to be calibrated to produce a higher accuracy prediction. In this 
experiment, sample loading is a crucial process. Inconsistent sample loading will complicate 
the measurement and analysis. Drying the fly ash sample prior to the measurement is also 
important to eliminate unwanted moisture in the sample. 
Loss-on-ignition (LOI) technique and thermogravimetric analysis (TGA) are among 
the techniques being used in industry to determine unburned carbon content in fly ash. 
Measuring dielectric constant of fly ash approach is promising as an alternative non-
destructive way to determine the amount of unburned carbon in fly ash. 
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APPENDIX A: LOSS OF IGNITION (LOI) 
This experiment determines the amount of combustion material in the moisture-moved 
sample using a furnace to ignite the sample. 
Warning: 
This experiment requires a muffle furnace at 750°C. Using the ZETEX glove and long (1.5') 
tongs to place and remove the crucibles from the furnace. The oil on the operator's fingers 
would affect the weighing if the operator touched the crucibles. · 
Item Needed: 
Brown vials, reference sample (QA), small crucibles, small brass core sample, holding tray, 
MC/LOI data sheet, long tongs, large desiccator, analytical balance, large cotton swabs, box 
of Kimwipes-wipes and ZETEX glove. 
Procedure: 
1. Tum on the muffle furnace to 750±50°C. 
2. Prepare crucibles and weight samples. 
3. Place the crucibles in the furnaces at 750°C for one hour. 
4. Remove the samples and place them in the desiccator to cool for at least 45 min. 
5. Weigh each crucible to the nearest 0.0001 grams. 
Calculation: 
w -w. 
LOI= d rg x100% 
wd 
W;g = ignition sample weight, (g) 
wd = dry sample weight, (g) 
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APPENDIX B: TEST FIXTURE DIMENSION AND DRAWING 
Dimensions are in inches 
Material: Brass 
Fixture designed by Robert J. Weber 
The SMA mount receptacle used was a product by Johnson Component 
Part number: 142-1701-541 
Fixture Drawing 
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4-Hole Flange Mount ,Jack Receptacle 
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